Background. Coxsackievirus B3 (CVB3) is a major heart pathogen against which no therapy exists to date. The potential of a combination treatment consisting of a proteinaceous virus receptor trap and an RNA interferencebased component to prevent CVB3-induced myocarditis was investigated.
Coxsackievirus B3 (CVB3) is a plus-stranded RNA virus belonging to the picornavirus family, commonly identified as the infectious agent associated with acute and chronic myocarditis [1] . Strong evidence suggests that dilated cardiomyopathy can develop upon chronic persistence of the infection. This disease may finally progress to terminal heart failure and frequently requires heart transplantation. Although treatment with interferon β was shown to eliminate cardiotropic viruses and improve heart function in patients with myocardial persistence of viral genomes [2] , no virus-specific treatment for CVB3 infections exists to date.
In recent years, the focus in the development of antiviral drugs has shifted from pharmacologically active small molecule drugs to biological therapeutics [3] . In the case of CVB3, soluble variants of the coxsackievirusadenovirus receptor (sCAR) as a decoy were found to inhibit CVB3 infection in vitro and in vivo [4] [5] [6] [7] [8] . Dimeric sCAR fused to the immunoglobulin Fc-region (sCAR-Fc) was shown to neutralize the virus in the absence of undesirable side effects [5, 9] . We recently demonstrated that the in vivo expression of sCAR-Fc reduced CVB3 infection, inflammation, and dysfunction of the heart in mice [7] . However, although sCAR-Fc was highly efficient to abrogate CVB3-induced myocarditis when applied prior to infection, the inhibitory effect after onset of the CVB3 infection was limited.
Another antiviral approach that gained importance in recent years is the inhibition of viruses by means of RNA interference (RNAi) [10] . We and others have shown that CVB3 can efficiently be inhibited by RNAi in vitro and in vivo [11] [12] [13] [14] . However, complete elimination of the virus was not achieved.
As both approaches were insufficient when applied individually, we reasoned that the combination of sCAR-Fc as an extracellular trap of CVB3 and RNAi as a mechanism that degrades viral RNA inside cells might exert additive antiviral effects. In a proof-of-concept study we demonstrated that the concurrent application of chemically synthesized siRNAs and sCAR-Fc expressed from an adenoviral vector (AdV) acted synergistically in a cell culture model [15] . In the present study, we translated this strategy to a preclinical in vivo setting of CVB3-induced myocarditis. Both antiviral components were delivered by viral vectors and the efficiency of the double treatment was studied in a CVB3-induced mouse myocarditis model. Our approach demonstrates that the combination treatment results in additive protective effects by inhibiting virus replication, preventing inflammation of heart tissue and improving cardiac function.
MATERIAL AND METHODS

Coxsackievirus B3
The cardio-virulent, genetically characterized Nancy strain of CVB3 was used for all in vitro and in vivo experiments. Virus propagation and titration on HeLa cells were described previously [14] .
Vectors
For the expression of sCAR-Fc, the doxycycline (Dox)-inducible adenoviral vector AdG12 was used [7] . The same vector without Dox was used as control. The expression of shRdRp2 and shRdRp4 (shRNAs directed against the CVB3 RNA dependent RNA polymerase) was accomplished via a self-complementary AAV vector of serotype 2 (AAV2-shRdRp2.4) or 9 (AAV2.9-shRdRp2.4) [14] . Vector maps are shown in Figure 1 . As a control, the same vector type for the expression of shRNA directed against GFP (shGFP), was used (AAV2-shGFP / AAV2.9-shGFP) [14] .
Cell Cultures, Plaque and XTT Cell Viability Assays, RNA Isolation and cDNA Synthesis, Quantitative RT-PCR, and IgG ELISA HeLa cells were cultured in Dulbecco modified Eagle medium (Gibco BRL, Karlsruhe, Germany) supplemented with 5% FCS, 1% MEM nonessential amino acids, 2% HEPES buffer, 0.1% Gentamycin, and 1% penicillin/streptomycin (all from GIBCO). Plaque assays were carried out as described elsewhere [7] . Cell viability was determined using Roche's Cell Proliferation Kit II (XTT). RNA was isolated using Life Technologie's TRIZOL reagent. Thermo Scientific's RevertAid H Minus First Strand cDNA Synthesis Kit (Waltham, Massachusetts) was used for cDNA synthesis. Expression of inflammatory cytokines was analyzed utilizing the TaqMan Gene expression master mix and specific FAM-tagged TaqMan gene expression assays both from Life Technologies: IL6-Mm00446190_m1, IFNγ-Mm00801778_m1, TNFα-Mm0043258_m1. Detection of CVB3 specific RNA was carried out using Life Technologie's TaqMan Gene expression master mix and a CVB3 specific primer/probe set. Human immunoglobulin G (IgG) enzymelinked immuosorbent assay (ELISA; Bethyl Laboratories Inc.) was used for detection of sCAR-Fc.
In Vivo Mouse Myocarditis Model
Each group consisted of 6 mice. AAV2.9-shRdRp or AAV2.9-shGFP vector was injected into the right jugular vein of Figure 1 . Schematic representation of the vectors used for the expression of sCAR-Fc, shRdRp2, and shRdRp4. A, Structure of the sCAR-Fcexpressing adenoviral vector, AdG12. Two expression cassettes for the constitutive expression of the reverse tetracycline transactivator (rtTA) and the doxycycline-dependent expression of sCAR-Fc, respectively, were inserted into the E1 region between nucleotide positions 453 and 3333 of an E1-and E3-deleted adenovirus 5 backbone. The same vector, without addition of Dox, was used as a control. CMV IE prom indicates the immediate-early CMV promoter; rtTA, reverse tetracycline-controlled transactivator rtTA-M2; tight1, doxycycline-dependent response promoter; sCAR-Fc, fusion protein of the soluble extracellular domain of human CAR and the human IgG Fc region; SV40 and bGH pA, polyadenylation signal of SV40 and bovine growth hormone, respectively; 5′ITR, left inverted terminal repeat of adenovirus type 5; 3′ITR, right inverted terminal repeat of adenovirus 5. B, Structure of the AAV vector used for the U6 promoter (U6 Pro) driven expression of shRdRp2 and shRdRp4 (AAV-shRdRp). Two expression cassettes were inserted in a head to head orientation. The inverted terminal repeats (ITRs) are derived from AAV2. The 3′ITR carries a deletion of the terminal resolution site (trs) and the D-sequence (positions 118-141), resulting in the packaging of self-complementary AAV vector genomes. Capsid proteins of serotype 2 were used for all in vitro experiments, whereas serotype 9 was used for in vivo studies. As a control an AAV vector expressing a shRNA against the nonrelated target GFP (AAVshGFP) was used. Abbreviations: AAV, adeno-associated virus; CAR, coxsackievirus-adenovirus receptor; CMV IE, cytomegalovirus immediateearly; GFP, green fluorescent protein; IgG, immunoglobulin G; sCAR-Fc, soluble variant of coxsackievirus-adenovirus receptor; shRdRp, short hairpin RNA against RNA dependent RNA polymerase. Where indicated, Dox was added to the media at a final concentration of 1 µg/mL. 48 hours later, cell supernatants were preincubated with CVB3 (MOI 0.1) at 4°C for 30 minutes and added to the transduced cells for 30 minutes at 37°C. Subsequently, cells were overlaid with agarcontaining media, cultured at 37°C and 5% CO 2 and stained with crystal violet 48 hours later. B, Two-step Plaque Assay. HeLa cells were transduced, cultured, and infected as in A. After infection, virus-containing media was replaced by fresh media. Virus replication was measured by viral plaque assay after another 24 hours of culture. The data presented in this figure as mean ± SD were obtained from three independent experiments, each performed in duplicate. **P < .01. C, XTT cell viability assay. HeLa cells were transduced with the indicated vectors and infected with CVB3 (MOI 0.1) as in A. Following infection, cells were cultured at 37°C and 5% CO 2 . Cell viability was determined at the indicated time points using the Roche Cell Proliferation Kit II (XTT) according to the manufacturer's instructions. Data obtained in 2 independent experiments, each performed in quadruplicate, are shown as mean ± SD. Abbreviations: AAV, adeno-associated virus; CVB3, coxsackievirus B3; MOI, multiplicity of infection; PFU, plaque-forming unit; sCAR-Fc, soluble variant of coxsackievirus-adenovirus receptor; SD, standard deviation; shRdRp, short hairpin RNA against RNA dependent RNA polymerase.
buprenorphine intraperitoneally), intubated, and artificially ventilated with a rodent ventilator type 7025 (Ugo Basile). Hemodynamic parameters were recorded via a microconductance catheter (1.2F) system (Scisense Inc.) in closed chest animals as described elsewhere [16] . Afterward, animals were killed, blood samples were taken, and organs harvested. For histopathological analysis, tissue samples were fixed in 4% neutral buffered formalin for 24 hours and embedded in paraffin wax. Sections (2 µm) were stained with hematoxylin and eosin (HE) according to standard protocols [17] . Evaluation of myocardial integrity and determination of myocarditis score were performed as described elsewhere in a double-blind way [18] . For molecular analysis and plaque assays, organ samples were frozen in liquid nitrogen and stored at −80°C. Plaque assays for determination of CVB3 titer in the heart were carried out as described elsewhere [14] . The investigation was performed in accordance with the principles of laboratory animal care and the German law of animal protection. Approval was obtained by the local ethics review board.
Statistical Analysis
Graph Pad Prism 6.0 software was used for statistical analysis. In vivo data were statistically analyzed applying unpaired, 2-tailed Mann-Whitney U testing. For the in vitro data analysis the unpaired student t test was applied. Differences were considered significant at P < .05 (with * referring to .01 < P < .05 and ** referring to P < .01).
RESULTS
Additive Anti-CVB3 Effect Caused by sCAR-Fc and shRdRp In Vitro
In a first attempt to test for possible additive antiviral effects of sCAR-Fc and shRdRp2.4, the ability of both components to inhibit the generation of new virus progeny was investigated in cell culture by plaque assays (Figure 2A ). HeLa cells were transduced with AdG12 (MOI 5) and AAV2-shRdRp or AAV2-shGFP (2 × 10 4 vg/cell) and cultured in the presence or absence of Dox (1 µg/mL). In sum, 48 hours after transduction, cells were infected with CVB3 (MOI 0.1) and overlaid with agar containing media. Another 48 hours later, cells were stained with crystal violet and evaluated for number and size of plaques. Cells treated with noninduced AdG12 or AAV2-shGFP and infected with CVB3 were completely lysed comparable to the mock-treated, CVB3-infected cells. Both sCAR-Fc and shRdRp alone were capable of inhibiting CVB3 replication as approximately 50% of the surface remained covered by viable cells. The lowest number of virus plaques was observed for cells treated with both components simultaneously, illustrating the additive antiviral effect.
To quantify the extent of the observed additive effect, 2-step plaque assays were conducted ( Figure 2B ). To this end, cells were transduced and infected with CVB3 as described before. After infection, cells were cultured for another 24 hours and subsequently lysed. The number of infectious viral particles was then determined by plaque assay. Both sCAR-Fc and shRdRp reduced CVB3 replication by 1 to 2 log 10 steps. The reduction of the CVB3 titer was significantly higher (approximately 4 log 10 steps) when both components were applied simultaneously ( Figure 2B, Supplementary Table 3 ). The additive protective effect of shRdRp and sCAR-Fc was further underlined by the increase in cell viability as measured by XTT assays ( Figure 2C ). CVB3-infected cells that received no antiviral treatment were completely lysed 48 hours after infection. Treatment of cells with either of the 2 components resulted in a 50% reduction of cell viability compared to uninfected cells. The combination approach again exerted an additive antiviral effect and cell viability remained virtually at the same level as determined for the uninfected cells for up to 2 days.
The Additive Antiviral Effect Observed is Directly Dependent on the AAV Vector Dose Used In Vitro
To prove the specificity of our approach, dose dependency assays were performed. The multiplicity of infection (MOI) of AdG12 was kept constant at 5 as higher doses completely prevented cell lysis. The dose of AAV2-shRdRp and its control vector, AAV2-shGFP, ranged from 10 3 to 2 × 10 4 vg/cell. As expected, the antiviral effect of AdG12 in the presence of Dox was independent of the doses of the added control vector AAV2-shGFP ( Figure 3 ). Unspecific effects of the AAV vector expressing a shRNA can therefore be excluded for the concentration range under investigation. In contrast, the antiviral activity of AAV2-shRdRp increased with higher vector doses. This observation was made for the single RNAi-treatment (ie, sCAR-Fc expression was not induced by Dox), as well as for the combination treatment for which Dox was added to induce sCAR-Fc expression. Importantly, as found above for the singledose experiments, the additive antiviral effect was again clearly detectable for all AAV vector doses under investigation.
Combined Application of sCAR-Fc and shRdRp Significantly Reduces Myocardial Inflammation and Virus Load in the Heart Compared to the Single Component Approach in a CVB3-induced Mouse Myocarditis Model
After having observed a strong additive effect of the double treatment in vitro, the combination approach was tested in a mouse myocarditis model in vivo. In our previous study, induction of sCAR-Fc inhibited CVB3 virtually to completion when applied prior to the infection [7] . We therefore chose to induce the expression of sCAR-Fc postinfection to be able to investigate possible additive effects of the double treatment. Antiviral shRNAs were previously found to lead to a partial inhibition of CVB3 when applied prior to infection [14] and were employed in the same manner in the present study.
Animals were divided into 5 groups ( Figure 4A ): Shamoperated and mock-infected animals served as negative control, whereas sham-operated, CVB3-infected mice were used as positive control for the CVB3 myocarditis model. To analyze both, the single components as well as combined treatment, groups received either sCAR-Fc (AdG12 (+Dox) + AAV2.9-shGFP) or the antiviral shRNAs (AdG12 (−Dox) + AAV2.9-shRdRp) or both (AdG12 (+Dox) + AAV2.9-shRdRp).
AAV2.9-shRdRp or AAV2.9-shGFP was intravenously injected into mice at the dose of 1 × 10 12 vector copies per mouse.
Eight days later, 1 × 10 10 particles of AdG12 were applied via the same delivery route. Another 2 days later, mice were infected intraperitoneally with 5 × 10 4 PFU of CVB3. Mice were killed 8 days after the infection.
In the animal groups, in which expression of sCAR-Fc was induced by oral administration of Dox, the level of sCAR-Fc was analyzed and found to be comparable for both groups (Figure 5A ). The expression of comparable levels of active anti-CVB3 shRNAs was confirmed by quantitative stemloop reverse transcription polymerase chain reaction (RT-PCR; Figure 5B ).
To investigate the inflammation level, the cardiac tissue of all animals was fixed and stained with HE 7 days postinfection, and the level of inflammation was graded ( Figure 4B left; Supplementary Table 2C ). For the negative control group, staining revealed no signs of inflammation or necrosis in any of the 6 animals. In contrast, all CVB3-infected, untreated mice were classified with the highest myocarditis score of 4, which is characterized by the presence of mononuclear cell infiltration and myocyte necrosis in >20% of the heart tissue [18] . Single treatment with either sCAR-Fc or shRdRp2.4 reduced the myocarditis score to 3 or 2, in 3 out of 6 mice in each group. Most importantly, animals treated with both antiviral components showed substantial less inflammation in the heart compared to either of the single element approaches. In contrast to any other group, cardiac integrity was completely maintained in 4 out of 6 animals. Exemplary HE-stained heart sections are shown for each group in the right part of Figure 4B .
Proinflammatory cytokines trigger the development of inflammation, which is a major event in the development of virus-induced myocarditis [19] . We investigated the levels of inflammatory cytokines in the heart tissue by RT quantitative PCR (qPCR; Figure 4C , Supplementary Table 2B) . Following CVB3-infection, the proinflammatory cytokines interleukin 6 (IL-6), tumor necrosis factor α (TNF-α), and interferon γ (IFN-γ) were significantly up-regulated 39-fold, 6-fold, and 134-fold, respectively. Treatment of the animals with either sCAR-Fc or shRdRp led to reduced levels of all 3 cytokines. The decrease of the cytokine levels was even more pronounced in the double-treatment mice, supporting the data obtained from myocardial inflammation scoring.
These data were further underlined by the viral load in cardiac tissue determined by plaque assay. For the sham-operated, CVB3-infected group, an average of 4.7 × 10 4 PFU/mg heart tissue was determined ( Figure 4D left, Supplementary Table 2C ). This titer was reduced by approximately 70% for the sCAR-Fc (1.35 × 10 4 PFU/mg heart tissue) and shRdRp (1.47 × 10 4 PFU/ mg heart tissue) treated mice, respectively. The reduction in viral load was significantly higher (approximately 95%) when both antiviral components were used simultaneously (2.54 × 10 3 PFU/mg heart tissue). CVB3-specific RT qPCR also confirmed these results ( Figure 4D right) . The highest level of genomic RNA was detected in cardiac tissue of shamoperated, CVB3-infected animals. The level was approximately 50% lower for the sCAR-Fc or shRdRp treated groups. For the combination group, the level of CVB3 genomes was further decreased to approximately 25% compared to the untreated group. Taken together, differences in viral load correlated well with pathohistological and inflammatory differences among the groups. Hence, the additive protective effect of sCAR-Fc and shRdRp compared to single treatment was further underlined by these results.
Heart Function is Significantly Improved in the sCAR-Fc and shRdRp Treated Group Compared to Either of the Single Component Groups
Cardiac contractility is the most important clinical parameter that characterizes the function of the heart. Hemodynamic measurements for the determination of systolic and diastolic (Figure 6 and Supplementary Tables 1 and 2A). Because the heart rate was comparable between all groups, the data obtained from hemodynamic measurements can be compared with respect to the heart-protective effects of our antiviral treatment with sCAR-Fc and shRdRp. Infection with CVB3 resulted in impaired systolic and diastolic LV function, indicating a significant global cardiac dysfunction, as illustrated by a reduced cardiac output and impaired contractility and relaxation. A significant improvement of these parameters was achieved with either of the single treatments, sCAR-Fc or shRdRp. Most importantly, the combined application of both components again led to a further significant improvement of cardiac output and contractility parameters. These data illustrate the potential of the double-treatment with sCAR-Fc and shRdRp to excite additive antiviral effects in vivo even with regard to the most important parameters of heart function.
DISCUSSION
CVB3 is a major causative agent for acute and chronic myocarditis against which no specific antiviral treatment exists to date.
In the present study, we report that combined treatment of CVB3-induced myocarditis with vector-delivered, virusneutralizing sCAR-Fc and shRNAs directed against the CVB3 genome are not antagonistic toward one another and exert additive antiviral effects compared to individual usage. Treatment with both components resulted in significantly reduced viral load in the heart. Consequently, the portion of heart tissue damaged (inflammation and necrosis) was strongly reduced in double-treatment animals compared to the single-treatment ones. Importantly, treatment with both antiviral components significantly improved hemodynamic parameters in CVB3-infected animals compared to mice that only received 1 active component. We have previously shown that sCAR-Fc efficiently inhibits CVB3 infection when given prior to the infection [7] . In the present study, generation of sCAR-Fc was induced after infection of the mice, that is, in a therapeutic manner. However, Figure 4 continued. water. A positive control group (Sham + CVB3) was sham-operated and CVB3-infected. The negative control animals (Mock) were sham-operated and mock-infected with PBS. Analysis was carried out 7 days postinfection. (n = 6 for each group). B, Left: Myocarditis score of CVB3-infected and sCAR-Fc-and/ or shRdRp-treated mice. Complete cardiac integrity is graded with a myocarditis score of 0, whereas the highest myocarditis score of 4 indicates massive inflammation in more than 20% of cardiac tissue. Right: Heart sections of mice were stained with hematoxylin and eosin. Arrows indicate areas of inflammation. Pictures shown are representative for each group. C, Expression levels of inflammatory cytokines in cardiac tissue of the different groups. The mRNA expression levels were analyzed 7 days after infection. Data were normalized to the expression level of 18 S rRNA and are presented as 2 −ΔCt . Values shown are mean ± SEM for each group. *P < .05; **P < .01. (n = 6 for each group). D, Viral load in the heart. Left: Viral plaque titer of heart lysates as determined by plaque assay. The viral load in the heart is shown in PFU per mg heart tissue. Plaque titer of each heart sample was determined in 2 independent experiments each performed in duplicate. Right: Quantification of genomic CVB3 RNA in the heart tissue by quantitative RT-PCR. Data were normalized to the expression of 18 S rRNA and are shown as 2
−ΔCt
. Values shown are mean ± SEM for each group. *P < .05; **P < .01. (n = 6 for each group). Abbreviations: AAV, adeno-associated virus; CVB3, coxsackievirus B3; IFNγ, interferon γ; IL-6, interleukin 6; MOI, multiplicity of infection; mRNA, messenger RNA; PBS, phosphate-buffered saline; PFU, plaque-forming unit; rRNA, ribosomal RNA; RT-PCR, reverse transcription polymerase chain reaction; sCAR-Fc, soluble variant of coxsackievirus-adenovirus receptor; SD, standard deviation; SEM, standard error of the mean; shRdRp, short hairpin RNA against RNA dependent RNA polymerase; TNFα, tumor necrosis factor α. Figure 5 . Serum level of sCAR Fc and expression of shRdRp2 and shRdRp4 in the heart 7 days postinfection. A, 7 days after infection, blood samples of all mice were taken, and serum was prepared. Serum level of sCAR Fc was measured using a human IgG specific sandwich ELISA kit. Signals obtained from sham-operated and CVB3-infected animals were subtracted as background. Values shown are mean ± SEM. B, Analysis of shRdRp2 and shRdRp4 expression in heart tissue of mice transduced with the AAV2.9 shRdRp vector in the myocarditis model. The processed siRNAs were detected via quantitative stemloop RT PCR 7 days after infection. Expression data were normalized to the expression of 18 S rRNA and the siRNA level in the group AdG12 (Dox) + shRdRp. Levels of the siRNAs were similar between this group and the group that received the combined treatment. Only background signals were detected for the group AdG12 (+Dox) + shGFP, proving PCR specificity for the detection of siRdRp2 and siRdRp4. Abbreviations: AAV, adeno-associated virus; CVB3, coxsackievirus B3; ELISA, enzyme-linked immunosorbent assay; IgG, immunoglobulin G; PCR, polymerase chain reaction; rRNA, ribosomal RNA; sCAR-Fc, soluble variant of coxsackievirus-adenovirus receptor; SEM, standard error of the mean; shRdRp, short hairpin RNA against RNA dependent RNA polymerase.
the application of sCAR-Fc involves some limitations. Viral particles only get trapped by sCAR-Fc extracellularly before they enter their target cells. This limitation is especially disadvantageous when treatment is initiated during an ongoing infection.
Vector-delivered shRdRp led to a partial improvement of hemodynamic parameters during CVB3-caused myocarditis [14] . The underlying mechanism of RNAi is limited to the intracellular level, whereas the initial virus uptake is not inhibited. In addition, the therapeutic AAV vector will not transduce all cardiomyocytes, and CVB3 can replicate in cells that are not transduced. Due to the fast replication cycle of CVB3, the high number of virus progeny, and the inability to transduce all cardiomyocytes with AAV2.9-shRdRp, complete cardiac integrity was not preserved by the RNAi approach.
In the present study, we therefore chose to combine the extracellular virus trap strategy based on sCAR-Fc with the intracellular RNAi concept and wanted to investigate possible additive effects of the double-treatment. Combination therapies targeting viruses at different stages of their lifecycle are a common strategy to improve the efficiency of the antiviral treatment [20, 21] . Our approach transferred a previous cell culture study employing synthesized anti-CVB3 siRNAs [15] to the preclinical in vivo stage in the current study using a cardiotropic AAV vector for expression of shRdRp in addition to the adenovirus vector AdG12 for the expression of sCAR-Fc. In line with previous results, the shRNAs alone reduced the virus titer in the myocardium by approximately 70%, resulting in partial improvement of heart parameters [14] . Similarly, mice treated Figure 6 . Effect of sCAR-Fc and shRdRp treatment on CVB3-induced cardiac dysfunction. Seven days after CVB3 infection, mice were anesthetized (0.8-1.2 g/kg urethane; 0.05 mg/kg buprenorphine intraperitoneally), intubated, and artificially ventilated with a rodent ventilator type 7025. Heart parameters, such as heart rate, LV contractility (dP/dt max ), LV relaxation (dP/dt min ), and cardiac output (CO) as indexes of LV function were recorded via a microconductance catheter (1.2F) system in closed chest animals. Values shown are mean ± SEM for each group. *P < .05; **P < .01. (n = 6 for each group). For a complete list of the recorded cardiac parameters see Supplementary Table 1 . Abbreviations: CVB3, coxsackievirus B3; LV, left ventricular; sCAR-Fc, soluble variant of coxsackievirus-adenovirus receptor; SEM, standard error of the mean; shRdRp, short hairpin RNA against RNA dependent RNA polymerase.
with sCAR-Fc alone showed a reduction in viral heart titer of approximately 70% and partial restoration of heart function as in previous studies [7] . When combining both approaches, we did not observe any antagonistic effects. Importantly, we now demonstrate the extraordinary potential of both active components to exert additive antiviral effects against CVB3. The viral heart titer of double-treated mice was reduced by approximately 95% compared to untreated mice. Likewise, the reduction of inflammatory cytokines was strongest for the double-treatment group: 4 out of 6 mice of this group had no signs of inflammation or tissue damage in the heart, whereas this was not observed for any animal from a single-treatment group. Most importantly, the protective effects in terms of heart parameters, such as cardiac output and LV contractility and relaxation, was significantly stronger for the double-treated animals compared to mice that only received 1 component, proving the extraordinary potential of our combined approach.
We chose to deliver both sCAR-Fc and shRdRp with viral vectors. Although sCAR-Fc was expressed from the adenoviral vector AdG12, an AAV vector of serotype 9 (AAV2.9-shRdRp) was used for in vivo shRNA delivery. Gene therapy approaches are strongly dependent on the safety of the viral vectors used. During the time course of our in vivo study, no obvious adverse effects were observed in the animals treated with either of the viral vectors. As the presence of AdG12 in the body is limited to several weeks, no long-term adverse effects are expected for its use [22] . Furthermore, the doxycycline-inducible system for the expression of sCAR-Fc, which enables a very tight regulation of expression, for example, in case of undesirable adverse effects, provides an additional safety feature of our application. For AAV vectors, long-term expression of the transgene for at least 1 year in the absence of adverse effects was reported [23] . Even though some groups reported cytotoxicity when expressing high amounts of shRNAs from AAV vectors [24] , no such phenomena were observed in our study. Therefore, the vectors chosen for the delivery of the antiviral components were safe for our approach. However, the limited half-life of AdG12 delivered sCAR-Fc may become a limitation for its clinical use. To transfer our preclinical study to the clinical stage, sCAR-Fc might be applied as a recombinantly produced protein or from a different vector type (eg, AAV vectors) that enables stable long-term expression without evoking adverse effects.
Previous studies have shown that treatment of mice with an AAV vector induces neutralizing antibodies, which make a second treatment with the same serotype inefficient [25] . This problem can be solved by using a different serotype to circumvent the immune response [26] .
In conclusion, our proof-of-concept study demonstrates that the combination of sCAR-Fc as an extracellular virus trap and RNAi as an intracellular mechanism to degrade CVB3 genomes has an extraordinarily high antiviral effectiveness. The efficiency of the combination approach is significantly better than that of either of the individual components. In a mouse CVB3 myocarditis model, we demonstrated that the treatment reduced virus load, tissue damage, and induction of inflammatory cytokines. As a consequence, cardiac function, which is known to be severely disturbed during acute CVB3 infection [27] , was significantly improved as shown by hemodynamic measurements. No obvious adverse effects of the antiviral components were observed. Targeting the virus at 2 critical points of its replication cycle by application of both sCAR-Fc and shRdRp has thus the potential to develop into a novel treatment option for CVB3-induced myocarditis. Furthermore, to the best of our knowledge, it represents the first described combination approach of an RNAi strategy and a proteinaceous antiviral component and may thus represent a general paradigm to treat severe viral infections. For example, the antiviral agents used here may also be combined with other components such as the inhibitor of CVB3 protease, which was developed more recently [28] .
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